added either directly to the cultures when db cAMP is added or during priming with BDNF, the ability of either of these treatments to block inhibition is completely abrogated. That is to say, inhibition by MAG is the same as when no db cAMP or BDNF are added to the cultures. DRB has no effect on growth on control cells. Furthermore, Figure 2 shows that the ability of db cAMP and priming with BDNF to block inhibition of neurite outgrowth from cerebellar neurons on myelin is also transcription-dependent. On myelin, in the presence of db cAMP or after priming with BDNF, neurites are more than twice as long, but this improved growth is lost if DRB is included in the cultures. Therefore, the ability of elevated cAMP in neurons (either with db cAMP or by priming with BDNF) to block inhibition both by MAG and by myelin in general is transcription-dependent. It follows, then, that some gene(s) must be transcribed and protein(s) synthesized in response to elevated cAMP that are responsible for overcoming the inhibition by MAG/myelin. (Dornay et al., 1986; Kauppila, 1992) . Arg I is a cytosolic enzyme, which in liver and in macrophages it and myelin. Finally, young neurons that grow well on MAG and myelin also show high levels of Arg I while in is upregulated in response to elevated cAMP (Morris et al., 1998; Nebes and Morris, 1988) . To determine if Arg older neurons, growth is inhibited by MAG and myelin, and Arg I levels have spontaneously decreased. Inhib-I is upregulated in neurons when cAMP is elevated, cerebellar neurons were treated for various times with iting ODC blocks the growth of young neurons on MAG and myelin, and overexpressing Arg I in older neurons either db cAMP or BDNF and (1) the RNA was extracted and subjected to RT-PCR using primers specific for Arg abolishes their growth inhibition by MAG and myelin. I, or (2) the proteins were extracted, subjected to PAGE, and transferred to membranes that were then stained Results with an Arg I antibody (Esch et al., 1998). Figure 3A shows that there is a basal level of expression of Arg I Blocking Inhibition by MAG/Myelin with db cAMP or Priming with Neurotrophins RNA in cerebellar neurons. When the neurons are treated with either db cAMP or BDNF before extraction Is Transcription Dependent Previously, we established that inhibition of axonal reof RNA, Arg I mRNA increases by at least 2-fold but never reaches the high levels found in liver ( Figure 3A ). generation by MAG and myelin was blocked by elevating neuronal cAMP, either with the cAMP analog dibutyryl Importantly, after treatment with either BDNF or db cAMP expression of Arg I, protein is increased by about cAMP (db cAMP) or by exposing the neurons to various neurotrophins (NT) prior to when they are cultured on 5-fold ( Figure 3B ). By 3 hr after treatment with either BDNF or db cAMP, the expression of Arg I protein, has MAG or myelin (priming with NT) (Cai et al., 2001). Next we wanted to determine if the ability to block inhibition reached maximum levels, which is sustained for at least 21 hr. By 24 hr, the level of expression has decreased by MAG and myelin either with db cAMP or priming with NT is dependent on transcription.
slightly. The increase in Arg I expression is not due to a loading difference on the gel because the antibody Figure 1 shows that as reported before, neurite outgrowth from postnatal cerebellar neurons is inhibited by used stains another protein of about 60 kDa nonspecifically, and the staining of this protein is unaffected by about 70% when grown on MAG-expressing CHO cells compared to control CHO cells not expressing MAG. treatment with either db cAMP or BDNF ( Figure 3B) . Therefore, the increase in expression of Arg I protein in Either addition of db cAMP directly to the cocultures or priming the neurons with the neurotrophin, brainresponse to elevation of cAMP in neurons is specific. To assess if polyamine synthesis is increased in neuderived neurotrophic factor (BDNF) blocks this inhibition. Neither of these treatments has any effect on neurons as a consequence of upregulation of Arg I by cAMP, levels of putrescine, spermidine, and spermine were rite outgrowth on control cells ( Figures 1A and 1B) . However, when an inhibitor of transcription, 5,6-dimeasured after treatment with db cAMP or BDNF. Figure  4 shows that at both 6 and 18 hr after treatment with chloro-1-b-D-ribo-furanosyl-benzimidazole (DRB), is Cerebellar neurons (P5) were isolated and either added directly to a substrate of myelin in the presence of db cAMP (1 mM) with and without DRB (5 M) as indicated (A and B), or after being primed overnight with BDNF (200 ng/ml) (C), after which they were fixed and immunostained for GAP43. In each experiment, the mean length of the longest GAP43-positive neurite for 180-200 neurons was measured (Ϯ SEM) for at least four separate experiments. db cAMP, the putrescine levels have increased by about by MAG/myelin, cerebellar neurons were infected with replication-incompetent adenoviral constructs con-2-fold. For cerebellar neurons treated with BDNF, putrescine levels have doubled by 6 hr, and although still taining the cDNA for Arg I. These viral constructs also contained the cDNA for green fluorescent protein (GFP). significantly elevated at 18 hr, are slightly decreased. Spermine and spermidine are also increased in response Cerebellar neurons were isolated, plated onto poly L-lysine and infected with viral constructs, and cultured to elevated cAMP, but levels of these polyamines are higher at 18 hr than at 6 hr posttreatment (results not overnight to allow expression of the transgene. Figure  5A Figure 8A ). The level of Arg in DRG neurons with development parallels the decline in endogenous cAMP levels we recorded before. To-I in DRG neurons remains at this low level through to adult. Consistent with the higher levels of Arg I in young gether, these results provide insight into the molecular downstream consequences of elevated cAMP that re-DRG neurons, the ability of P1 DRG neurons to grow well on MAG is blocked by either the Arg I inhibitor, sults in regeneration. From the likely global effects of elevated cAMP, we can now move to a more focused NOHA, or the ODC inhibitor DFMO. Addition of putrescine to these young neurons had no effect on growth approach to encourage regeneration in vivo. Arginase I has not been extensively characterized in on MAG cells or control cells ( Figure 8B) . Conversely, overexpression of Arg I in P7 DRG neurons in which the nervous system. Liver and macrophages contain both the cytosolic isoform Arg I and the mitochondrial endogenous levels are low overcomes inhibition by MAG ( Figure 8C ). These results suggest that a drop in expresisoform Arg II. Although each isoform is differentially regulated, both are upregulated in response to cAMP sion of Arg I in DRG neurons is likely to be a consequence of the spontaneous decrease in cAMP and contributes (Morris et al., 1998; Nebes and Morris, 1988) . What is particularly important is that Arg I has been shown to to the switch in the response of these neurons from promotion to inhibition by MAG and myelin. be a neuronal anti-apoptotic factor (Esch et al., 1998). Protein synthesis, required for apoptosis, is inhibited by depleting neuronal arginine levels. Thus, upregulation Discussion or overexpression of Arg I in neurons of the damaged nervous system would have two significant effects on The ability to alter CNS axons intrinsically such that they regenerate after injury in the adult would be a major neurons: preventing cell death and promoting regeneration through an extracellular environment that is inhibiadvance in the development of therapies for spinal cord Figures 6, 7, and 8) . In-1995, 1998). We can speculate that these effects are also mediated through an upregulation of Arg I. triguingly, putrescine's effect in reversing inhibition is enhanced with an overnight incubation before neurons Based on our latest findings, we are extending our hypothesis on the mechanism of action of cAMP in overare cultured on MAG or myelin. The effect could be due to the slow uptake of this highly charged molecule coming inhibition and promoting regeneration (Cai et al., 1999) . We propose that a significant consequence across the plasma membrane; when added to cultures at the same time as inhibitors, intracellular putrescine of Arg I upregulation by cAMP is the synthesis of polyamines. The observations that support this are: first, concentrations may be too low to achieve a maximal effect. Alternatively, it is possible that polyamines trigger that an inhibitor of either Arg I or ODC can block both the db cAMP and the BDNF effect in overcoming inhibianother round of transcription and that synthesis of another unidentified protein(s) is required to overcome intion by MAG/myelin. Ornithine decarboxylase is directly responsible for synthesis of putrescine from ornithine.
hibition. The lag time for induction of new gene expression would require a longer period for maximum effect Although it was previously believed that ODC was the of putrescine on inhibition. At this point in our investigaassembly by neutralizing the anionic C termini of tubulin, tions, because putrescine is readily converted to so allowing the ␣ and ␤ monomers to come together spermadine and then on to spermine, we do not know more readily. It is possible, then, that polyamines directly if it is indeed putrescine or the subsequently synthesized affect the cytoskeleton to overcome inhibition. Furtherspermadine and spermine that is/are effecting the remore, in the long-term (24-72 hr after treatment), polygeneration. amines increase the expression of genes encoding the Although polyamine synthesis is sufficient to block major cytoskeleton proteins (Kaminska et al., 1992) . It is inhibition, it is unlikely that it is the only pathway trigconceivable that polyamines affect regeneration though gered by elevated cAMP levels. Many pathways known both short and long term effects on the cytoskeleton. to be activated by cAMP (Montminy, 1997) , which one pathway would diminish the total cAMP effect to also involves process outgrowth, it is reasonable to susbelow threshold, and inhibition would not be overcome.
pect that polyamines might overcome inhibition by More reasonably, stimulating a single pathway maxi-MAG/myelin through a direct effect on these channels mally would be sufficient alone to block inhibition by or receptors.
MAG/myelin, which is what we see for overexpression
It is not known where polyamines exert their effect: of ArgI/polyamines. inside or outside the neuron, at the cell body, or at the Consistent with our observation that elevation of growth cone. We see an effect of polyamines after either cAMP can overcome inhibition of MAG and myelin, othincreasing their concentration through an overexpresers have shown that cAMP can change the repulsion of sion of Arg I inside the neuron as well as when they are growth cones by MAG and myelin in general (Song et added to culture media. Although polyamines are highly al., 1998). In these assays, however, the effects are charged, they do cross the membrane in either direction. acute, with a repulsive turning response to MAG and Moreover, polyamines have been shown to be transmyelin occurring within an hour. In this turning assay, ported down and to diffuse from the axon (Ingoglia et elevation of cAMP reverses the repulsion to attraction al., 1982; Lindquist et al., 1985) . Clearly, the possibility in the same time frame. Given the short time required exists that polyamine effects emerge through a variety to shift from repulsion to attraction, it is unlikely that of mechanisms, many of which may contribute to overthis particular cAMP effect requires new transcription. coming inhibition. Instead, activated PKA could be affecting the cytoskeleIn summary, we have shown that elevation of cAMP tal dynamics directly, resulting in more immediate efleads to an upregulation of Arg I and the synthesis of fects. Further work will be needed to determine whether polyamines, which overcome inhibition of axonal regenthe effect of cAMP on reversing growth cone turning eration by MAG and myelin. In addition, the spontaneous and overcoming inhibition share mechanisms or are two growth of young neurons on MAG/myelin is also depenindependent events. dent on this Arg I/polyamine mechanism. These results Polyamines have been implicated in nervous system reveal not only a novel mechanism to overcome inhibidevelopment, axonogenesis, and regeneration ( 
